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Vesicular traffic during exocytosis is regulated
by Rab GTPase, Sec4p in yeast, which is acti-
vated by a guanine nucleotide exchange factor
(GEF) called Sec2p. TheGEF activity is localized
in the N-terminal 160 residues of Sec2p, which
lacks sequence similarity with any other GEFs
with known structures, and thereby the guanine
nucleotide exchange mechanism by Sec2p re-
mains unknown. Here, we report the crystal
structure of the Sec2p GEF domain at 3.0 A˚ res-
olution. The structure unexpectedly consists of
a homodimeric, parallel coiled coil that extends
over 180 A˚. Pull-down and guanine nucleotide
exchange analyses on a series of deletion and
point mutants of Sec2p unveiled the catalytic
residues for its GEF activity as well as the
Sec4pbinding site, thus presenting anucleotide
exchange mechanism by a simple coiled coil.
Thepresent functional analysesallowus tobuild
the Sec2p:Sec4p complex model, which ex-
plains the specificity for Rab GTPases by their
respective GEF proteins.
INTRODUCTION
In eukaryotic cells, various biological molecules are trans-
ported and secreted by secretory vesicles, which fuse with
the plasma membrane in a process called exocytosis. The
exocytotic events are regulated by interactions between
Ras-related small GTPases, such as Rho, Rab, and Ral,
and their respective effectors (Lipschutz and Mostov,
2002). These small GTPases shuttle between the active
GTP-bound and inactive GDP-bound states, which differ
mainly in the conformations of two loop regions, called
‘‘switch I’’ and ‘‘switch II.’’ The downstream effectors of
the small GTPases discriminate the conformational dif-
ferences in the switch regions and specifically bind with
the GTP-bound form. Therefore, this conformational tran-Structure 15, 245–sition is essential for the small GTPase functions (Takai
et al., 2001).
In Saccharomyces cerevisiae, genes whose mutation
causes dysfunctional secretion have been genetically
identified as ‘‘sec.’’ Sec4p, the equivalent of the mamma-
lian Rab GTPase, regulates the transport of secretory ves-
icles (Guo et al., 1999). In a GTP-dependent fashion, Sec4p
interacts with Sec15p, a component of the multiprotein
complex, Exocyst, which reportedly tethers the secretory
vesicle to a defined site of the plasma membrane: this
Sec4pSec15p interaction is essential for the Exocyst as-
sembly (TerBush et al., 1996). After membrane fusion,
Sec4p hydrolyzes its bound GTP to GDP and is released
into the cytoplasm, where it reassociates with a new secre-
tory vesicle to get ready for the next round of membrane
fusion. This Sec4p localization is controlled by two types
of functional regulators: a GTPase-activating protein (GAP)
accelerates the GTP hydrolysis activity of Sec4p, while
a guanine nucleotide exchange factor (GEF) catalyzes
the GDP release from Sec4p to convert it into the activated,
GTP-bound form. Sec2p (759 amino acids, Mw 105 kDa)
has been identified as the GEF for Sec4p in yeast
(Walch-Solimena et al., 1997). Sec2p is divided into the
N-terminal (residues 1–160) and C-terminal (residues
161–759) regions. The N-terminal region bears the GEF ac-
tivity on Sec4p (Ortiz et al., 2002), but it lacks sequence
similarity to any other GEFs with known structures. On
the other hand, the C-terminal region, which lacks con-
served structural motifs, does not affect the GEF activity
(Elkind et al., 2000; Ortiz et al., 2002), but binds with
Sec15p and another RabGTPase, Ypt32p, which recruits
Sec2p to the secretory vesicle (Medkova et al., 2006; Ortiz
et al., 2002). Thus, on the secretory vesicle, Sec2p acti-
vates Sec4p, and the activated Sec4p interacts with
Sec15p. Sec15p also interacts with the C-terminal region
of Sec2p to displace Ypt32p from Sec2p. In a recent study,
Sec2p, Sec4p, and Sec15p were reported to directly
interact with each other, which is crucial for Sec2p localiza-
tion and polarized cellular growth (Medkova et al., 2006).
Mammalian orthologs of Sec4p are Rab3A and Rab8:
Rab8 is involved in the transport of Rab8-specific vesicles
to the cell surface (Hattula and Peranen, 2000), while252, February 2007 ª2007 Elsevier Ltd All rights reserved 245
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Crystal Structure of the Sec2p GEF DomainFigure 1. Primary Sequence Alignment of the GEF Domain of Sec2p
The residue numbers and the positions of the coiled-coil heptad repeat of Sec2p are indicated above the sequence alignment. The stutter and
stammer are highlighted as red characters. Residues involved in the dimerization of Sec2p are marked with green triangles. Predicted a-helical
and b-stranded regions are shown in cyan and yellow, respectively. The highly conserved residues are represented by red characters, while the
invariant residues are represented by white characters in a red background. Drawings were made with ESPript (http://espript.ibcp.fr/ESPript/
ESPript/index.php).Rab3A is expressed only in neurons, where it regulates
neurotransmitter release (Takai et al., 1996, 2001). The
GEFs of Rab8 and Rab3A were identified as Rabin8
(Hattula et al., 2002) and GRAB (Luo et al., 2001), respec-
tively. These mammalian GEFs share the N-terminal region
of Sec2p, and have been predicted to have a shorter helical
region than that of Sec2p (Figure 1). On the other hand, the
C-terminal domain of Sec2p is not conserved in Rabin8
and GRAB, while the C-terminal domain of Rabin8 is
essential for its localization and for polarized cellular
growth (Hattula et al., 2002), as that of Sec2p, and shares
sequence homology with that of GRAB.
To elucidate the mechanism of the nucleotide exchange
reaction on Sec4p by Sec2p, we determined the crystal
structure of the GEF domain of S. cerevisiae Sec2p at
3.0 A˚ resolution. The structure unexpectedly folds into
a parallel dimeric coiled coil, which extends over 180 A˚.
Biochemical analyses of Sec2p mutants, combined with
a docking analysis of Sec2p and Sec4p, uncovered how




The N-terminal region of Sec2p (residues 1–160) report-
edly has full GEF activity with Sec4p (Ortiz et al., 2002).246 Structure 15, 245–252, February 2007 ª2007 Elsevier Ltd AOn the other hand, deletion of the N-terminal 30 residues
abolished the GEF activity with Sec4p, while this deletion
did not affect the dimerization of Sec2p (Rahl et al.,
2005). However, a sequence alignment among Sec2p
and its mammalian orthologs, Rabin8 and GRAB, revealed
low sequence conservation in the N-terminal 30 residues
of Sec2p, which suggests that residues 1–30 of Sec2p
are not necessary for the GEF activity. To assess this
possibility, we performed in vitro binding and GEF activity
assays using Sec231–160p. The results clearly showed that
Sec231–160p can bind to the nucleotide-free Sec4p and
displays the full GEF activity, as Sec21–160p (Ortiz et al.,
2002; Walch-Solimena et al., 1997) (Figure 2).
Structure Determination
To determine the crystal structure of the Sec2p GEF
domain, we crystallized the recombinant Sec231–160p in
Escherichia coli. The details of the crystallization will be
published elsewhere. For phasing by anomalous dis-
persion with the selenium edge, we prepared selenome-
thionine-labeled Sec231–160p crystals. However, the crys-
tals diffracted X-rays only to 4.0 A˚ resolution and were
not suitable for the phase determination. To obtain better
crystals, we generated eight Sec2p mutants, by replacing
the intrinsic Met115 and by incorporating new Met resi-
dues, and analyzed the X-ray diffraction of these crystals.
Among the mutants, the triple mutant of Sec231–160pll rights reserved
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Crystal Structure of the Sec2p GEF DomainFigure 2. GEF Activity of Sec231–160p
(A) Pull-down assays of GST-Sec4p and Sec2p
(wild-type and the triple mutant [Met115Leu,
Lys121Met, and Thr142Met]).
(B) [3H]GDP release from GST-Sec4p, in the
absence or presence of 30 nM Sec21–160p,
Sec231–160p, and Sec231–160p triple mutant.
All of the Sec2p mutants had GEF activity on
GST-Sec4p.(Met115Leu, Lys121Met, and Thr142Met) diffracted
X-rays up to 3.0 A˚ resolution. The crystal structure of this
mutant was solved by a single wavelength anomalous dis-
persion method and was refined to 3.0 A˚ with 20 molecules
(molecules A to T) per asymmetric unit (Figure S1; see the
Supplemental Data available with this article online). Sev-
eral C-terminal residues were structurally disordered.
Even in molecules E and F, which are the most ordered in
the asymmetric unit, the C-terminal six residues are disor-
dered. While the triple mutation does reduce nucleotide
exchange to some degree, its activity is nevertheless
similar to that of wild-type (Figure 2). Thus, we concluded
here that the structure of this mutant is essentially identical
to that of the wild-type.Structure 15, 245–The Sec2p GEF Domain Forms a Long a-Helical
Coiled Coil
As shown in Figure 3, Sec2p folds into a 180 A˚ long helix
and apparently forms a homodimeric, parallel coiled-coil
structure, which is similar to that of tropomyosin, a cyto-
skeleton protein. Coiled coils generally have a heptad
repeat sequence labeled ‘‘a–g,’’ in which positions ‘‘a’’
and ‘‘d’’ are hydrophobic amino acids, while positions
‘‘b,’’ ‘‘c,’’ ‘‘e,’’ ‘‘f,’’ and ‘‘g’’ are hydrophilic ones. Positions
‘‘a’’ and ‘‘d’’ symmetrically face the equivalent residues in
the opposite helix, thus forming the core of the coiled coil
in a ‘‘knobs-into-holes’’ fashion, while positions ‘‘b,’’ ‘‘c,’’
‘‘e,’’ ‘‘f,’’ and ‘‘g’’ are exposed to the solvent (Lupas,
1996). Some heptad repeats in coiled coils lack three orFigure 3. Crystal Structure of the GEF Domain of Sec2p
(A) Ribbon representation of the GEF domain of Sec2p. The side chains that form the core of the coiled coil are colored blue. Based on the heptad
repeat sequence and the interhelical distance, the coiled coil is divided into four regions.
(B) Stereo view of the ten coiled coils in the crystallographic asymmetric unit, which are superimposed on region II. Region II is shown in red, and the
other regions are color coded for each coiled coil.
(C) Conserved residues, mapped on the Sec2p GEF domain. The orientation is the same as in the left panel of (A). The invariant residues are colored
red, while the highly conserved residues are yellow. The labels are colored according to those of the helices in (A).252, February 2007 ª2007 Elsevier Ltd All rights reserved 247
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Crystal Structure of the Sec2p GEF Domainfour residues, and these are referred to as a ‘‘stutter’’ and
a ‘‘stammer,’’ respectively (Brown et al., 1996). The heptad
repeat sequence and the interhelical distance (i.e., dis-
tance between the helical axes) characterize the coiled-
coil structure. Here, we divided Sec2p into four regions
of residues 31–51 (region I), 52–76 (region II), 77–107 (re-
gion III), and 108–150 (region IV), based on the heptad
repeat sequence and the interhelical distance (Figure 3
and Figure S2), to clarify the structural properties of the
Sec2p coiled coil.
Region I does not form a coiled-coil structure, even
though it folds into an a helix (Figure 3). The interhelical dis-
tances between the N-terminal edges of the paired coiled
coil are 16.3 A˚ (molecules S and T) and 22.8 A˚ (molecules
C and D). Due to this lack of interhelical contact, the tem-
perature factors are quite high in the N-terminal edge
(Figure S2A).
Region II (residues 52–76) contains a normal heptad re-
peat sequence, with average interhelical distances of 9.8 A˚
over ten asymmetric coiled-coil molecules (Figure S2A).
This value is nearly equal to that of the canonical coiled
coil, such as the GCN4 leucine zipper (9.6 A˚ on average)
(O’Shea et al., 1991). In this region, the Leu55, Leu62,
Leu66, Val74, and Leu76 side chains contact the equiva-
lent residues in the opposite helix in a ‘‘knobs-into-holes’’
manner to form the ‘‘core’’ of the coiled coil. The Cb atoms
of Tyr52, Tyr59, and Arg69 are also involved in the coiled-
coil core formation, while the side chains of these residues
protrude toward the solvent.
Region III (residues 77–107) also contains the normal
heptad repeat, although there is a ‘‘stutter’’ before
Val101 (Figure 1). In this region, the average interhelical
distance is 12.6 A˚ (Figure S2A), which is larger than that
of the canonical coiled coil. The Arg87 side chain is ori-
ented toward the opposite helix and thus props the
coiled-coil helices apart in this region. As a result, the inter-
helical space expands in residues 88–107 (Figure 3 and
Figure S2A) so that the side chains of Ala90, Ala94, and
Val101 are oriented toward the inside of the coiled coil
without any interactions, in contrast to the typical rigid
coiled coil with a continuous interhelical core. Therefore,
Sec231–160p forms a more flexible and possibly functional
coiled coil, especially in region III (Figure 3B).
Region IV (residues 108–150) contains a stutter and
a stammer before Ala119 and Leu147, respectively, in
the heptad repeat sequence (Figure 1). The interhelical dis-
tance is 10.8 A˚ on average. The side chains of Ala112 and
Ala119 (position ‘‘a’’) and Leu108 and Leu115 (position
‘‘d’’) do not correctly face their equivalent residues on the
opposite helix but are aligned in a staggered manner (Fig-
ure S3). The side chains of Leu108 and Leu115 prop apartStructure 15, 245–the Ala112 and Ala119 side chains. Although Met115 of
Sec2p is replaced by Leu115 in our present structure,
the wild-type structure should also have the staggered
contact in this portion, considering the similar Ala-medi-
ated staggers observed in rat and chicken a-tropomyosin
(Figure S3) (Brown et al., 2001, 2005). Residues 120–150
lack the staggered contact, although Asn130, Leu133,
Leu144, Leu147, and Gln150 of several coiled-coil mole-
cules asymmetrically contact their equivalent residues in
the opposite helix to form the coiled-coil core (data not
shown).
The coiled-coil structure of region II (residues 52–76) has
two-fold symmetry, whereas those of the other regions are
asymmetrical. The coiled-coil structure bends around
Ala94: one helix of the coiled coil (molecules B, C, E, H, I,
L, M, O, R, and S) bends sharply (13.8 on average, over
ten asymmetric coiled-coil molecules), whereas the oppo-
site helix (molecules A, D, F, G, J, K, N, P, Q, and T) bends
moderately (8.9 on average) (Figure S2B). The sharply
bent helix of residues 108–120 shifts toward the N-termi-
nus by about 2 A˚, relative to the opposite moderately
bent helix (Figure S3). The aforementioned Ala-mediated
stagger and asymmetric contacts are also observed in
tropomyosin (Figure S3) and myosin (Brown et al., 2001,
2005) and may contribute to the bending and the func-
tional flexibility of the coiled-coil structure, respectively
(Figure 3B, and Figures S2B and S3).
Sec4p Binding Site
To determine how the simple coiled coil of the Sec2p GEF
domain binds Sec4p to achieve guanine nucleotide ex-
change activity, we generated deletion mutants of the
Sec2p GEF domain (Figures 4A and 4B) and performed
a pull-down binding assay with GST-Sec4p. Since
Sec21–160p interacts with the nucleotide-free Sec4p, but
not with the GTP-bound Sec4p (Walch-Solimena et al.,
1997), the GTP-bound Sec4p was used as a control for
nonspecific binding. In addition, to assess the structural
integrity of these deletion mutants, we measured the circu-
lar-dichroism (CD) spectra of the mutants, which revealed
that the helical contents of Sec290–160p and Sec268–142p
are lower than those of the other deletion mutants (data
not shown). The results of the in vitro binding assays
showed that Sec21–160p, Sec231–160p, Sec268–160p,
Sec21–142p, and Sec251–142p can bind with the nucleo-
tide-free Sec4p, but Sec290–160p, Sec21–124p, and
Sec268–142p cannot (Figures 4A and 4B). The binding defi-
ciencies of Sec290–160p and Sec268–142p are ascribable to
the partially unstructured helices based on the CD spectra
analysis. Furthermore, these deletion mutants lack most
of the interhelical contact region II (see above), whichFigure 4. In Vitro Sec4p Binding and GEF Activities of Sec2p Mutants
(A) Pull-down assays of GST-Sec4p and truncated mutants of Sec2p. The bound Sec2p mutants are shown by asterisk.
(B) Simplified diagram of (A).
(C) Pull-down assays of GST-Sec4p and point mutants of Sec21–160p.
(D) [3H]GDP release from GST-Sec4p, in the absence or presence of 30 nM wild-type and eight-point mutants of Sec21–160p.
(E) A proposed docking model of GDP-Sec4p (cyan and salmon) and the GEF domain of Sec2p (yellow and green). The Rab5:Rabaptin5 complex
structure used to generate the present docking model is presented. The labels and color codes are the same as in Figure 3C.252, February 2007 ª2007 Elsevier Ltd All rights reserved 249
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Crystal Structure of the Sec2p GEF Domainmay result in the disassembly of the coiled-coil dimer.
Thus, we concluded that the Sec4p-binding region of
Sec2p is located within residues 68–142.
The GEF Active Site Is Formed Across the Dimeric
Coiled-Coil Helices
In this anticipated Sec4p binding region of Sec2p (residues
68–142), residues 100–112 are especially conserved
among the diverse Sec2p homolog proteins (Brondyk
et al., 1995; Hattula et al., 2002; Luo et al., 2001) (Figures
1 and 3C). To identify the Sec4p-binding and catalytic res-
idues of Sec2p, we substituted Ala for the conserved
residues that are not involved in the Sec2p dimerization
(Figure 1). All of the Sec21–160p point mutants were well
expressed in a soluble form and were tested in in vitro bind-
ing assays with GST-Sec4p (Figure 4C). The pull-down
assays revealed that the E102A, T105A, S107A, E111A,
and E127A Sec21–160p mutants bound GST-Sec4p as effi-
ciently as the wild-type. In contrast, the E100A mutant was
scarcely bound with Sec4p, and the L104A and F109A
mutants completely lost their Sec4p-binding activities.
Furthermore, we analyzed the Sec4p GEF activity of
these Sec21–160p mutants by measuring the dissociation
of 3H-labeled GDP from purified GST-Sec4p incubated
with the Sec2p mutants (Figure 4D). The E100A, L104A,
and F109A mutations abolished the GEF activity on
Sec4p, while the E102A and T105A mutants showed
moderately reduced GEF activity. Therefore, mutation of
Glu102 and Thr105 decreased the Sec4p affinity to some
extent, which might adversely affect the nucleotide ex-
change activity. On the other hand, S107A mutation seems
to have significantly increased exchange activity over wild-
type. In contrast, the mutations of the other residues
(E111A and E127A) had little effect on the GEF activity.
Glu100 and Leu104 are clustered with Glu102, Thr105,
and Phe109 in the opposite helix, forming a GEF active
site lying across the dimeric coiled-coil helices (Figures
3C and 4E). Consistently, the aforementioned deletion
analysis suggested that dimer stabilization should be
required for the GEF activity.
Docking of Sec2p and Sec4p
Many GTPase-interacting proteins have a-helical motifs,
whereas most of the GTPase binding regions lack a parallel
coiled coil. To date, only one structure of a coiled coil inter-
acting with a Rab GTPase was reported for the complex
between Rab5 and Rabaptin5 effector (Zhu et al., 2004)
(Figure 4E). Therefore, we used this complex structure to
generate the Sec2p:Sec4p docking model: residues 90–
119 of Sec2p were superposed onto residues 807–836
of Rabaptin5, while the crystal structure of GDP-bound
Sec4p (Stroupe and Brunger, 2000) was in turn super-
imposed onto the Rab5 structure with the program CE
(Shindyalov and Bourne, 1998). In this docking model,
the presently identified Sec4p-binding and catalytic resi-
dues (Glu100, Glu102, Leu104, Thr105, and Phe109) ap-
proach the Sec4p switch I and II regions. Most GEF pro-
teins interact with the switch regions of their respective
small GTPases, which surround the bound guanine nucle-250 Structure 15, 245–252, February 2007 ª2007 Elsevier Ltdotide, and induce conformational changes mainly in the
switch I region to release GDP (Boriack-Sjodin et al.,
1998; Goldberg, 1998; Itzen et al., 2006; Worthylake et al.,
2000). This fact may validate our Sec2p:Sec4p complex
model.
These GTPase-binding and catalytic residues are con-
served in the mammalian Rab GEFs, Rabin8, and GRAB
(Figure 1). Furthermore, the amino acid segment encom-
passing residues 99–120 of Sec2p, which mostly cover
the Sec4p binding region, are completely identical be-
tween Rabin8 and GRAB (Figure 1). Despite the sequence
identity, the specificity for Rab GTPases differs between
Rabin8 and GRAB; Rabin8 exchanges GDP for GTP on
Rab8, but not on Rab3A (Hattula et al., 2002), while
GRAB exchanges nucleoside on Rab3A (Luo et al.,
2001). This Rab GTPase specificity is ascribable to the
residue corresponding to Asn98 in Sec2p since Asn98 is
the only residue close to Sec4p other than the residues
99–120 in the present docking model. In our docking
model, Asn98 approaches Phe82 in the switch II region
of Sec4p (Figure 4E). The Sec2p Asn98 is replaced by
Gly in Rabin8, while by Glu in GRAB (Figure 1). Consis-
tently, only a difference in the switch II region between
Rab3A and Rab8 is the substitution of Phe (Rab8) for
Tyr84 (Rab3A) (Figure S4), which promptly corresponds
to the Phe82 of Sec2p. Therefore, our docking model
may further account for the Rab GTPase specificity by
the respective GEF proteins. Clarification of the detailed
mechanism underlying the GTPase specificity awaits the
structural determination of the Sec2p:Sec4p complex,
which is now under way.
Concluding Remarks
To our knowledge, the Sec2p GEF domain is the first to
reveal a parallel coiled-coil structure possessing GEF ac-
tivity on a small GTPase. This apparently simple structure
achieves the Sec4p binding and the guanine nucleotide
exchange activity on this small GTPase. Based on the
present structural and functional analyses, we can specu-
late that the coiled-coil GEF domain of Sec2p emerged by
divergent evolution from an ancestral Rab GTPase effector
with a homodimeric, parallel coiled coil.
EXPERIMENTAL PROCEDURES
Structure Determination and Refinement
Site-directed mutations were generated by PCR. The selenomethio-
nine-labeled triple mutant Sec231–160p (Met115Leu, Lys121Met, and
Thr142Met) was crystallized at 20C by the hanging drop vapor diffu-
sion method against a reservoir solution containing 50 mM TrisCl
(pH 7.5), 10 mM MgCl2, and 3% isopropanol. For data collection, the
crystals were transferred to a cryostabilizing solution (50 mM TrisCl
[pH 7.5], 10 mM MgCl2, 3.5% isopropanol, and 35% glycerol), and flash
frozen in a 100 K nitrogen stream. The diffraction data set was collected
at the beamline BL5A at the Photon Factory (Tsukuba, Japan). Data
were processed with the programs Denzo and Scalepack (Otwinowski
and Minor, 1997). The structure was solved by single-wavelength
anomalous dispersion. At first, the crystal apparently belonged to the
space group P212121, with unit cell dimensions a = 101.93 A˚, b =
176.56 A˚, c = 181.45 A˚. Ten of the 20 possible selenium sites were
identified by the program SnB (Weeks and Miller, 1999). RefinementAll rights reserved
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Crystal Structure of the Sec2p GEF Domainof the selenium sites and phase calculation were carried out with the
program SHARP (De La Fortelle and Bricogne, 1997). Subsequent
phase improvement by solvent flipping was carried out with the pro-
gram Solomon (Abrahams and Leslie, 1996). The atomic model was
built with the program O (Jones et al., 1991). The model was refined
up to 3.0 A˚ resolution with the program CNS (Brunger et al., 1998)




X-ray source PF BL5A
Wavelength (A˚) 0.97934












Mean overall figure of merit
Acentric 0.15577
Centric 0.02503
After density modification 0.796
Refinement Statistics
Number of atoms: protein, water 19,028, 262




Rmsd bond length (A˚) 0.010
Rmsd bond angle () 1.3
Rmsd dihedral angle () 19
Rmsd improper angle () 0.61
B factors: minimum, average,
maximum (A˚2)
3.1, 138.1, 202.1
Residues in core region (%) 89.4
Residues in additionally allowed
region (%)
10.6
Residues in generously allowed
region (%)
0.0
Residues in disallowed region (%) 0.0
Rwork, Rfree
a 0.229, 0.285
a 7.5% of the total unique reflections were randomly selected
for the Rfree calculation.Structure 15, 245against the data processed withP212121, but the Rfree value was not im-
proved, and the resultant 2Fo  Fc map became worse than the exper-
imental map. We therefore suspected pseudosymmetry and expanded
the data from the P212121 space group to P21. This assisted the refine-
ment procedure, but the Rfree value was still around 35%. Finally, we
suspected pseudomerohedral perfect twinning. The introduction of
the twinning parameter to the refinement markedly improved the Rfree
values and the electron density map. Data collection, phasing, and re-
finement statistics are shown in Table 1. All molecular graphics were
prepared with the program PyMOL (http://pymol.sourceforge.net/).
In Vitro Binding Assay
For the nucleotide-free Sec4p, GST-Sec4p, immobilized on glutathi-
one-Sepharose beads, was incubated with 10 mM EDTA, 50 mM
TrisCl (pH 7.2), 100 mM NaCl, and 1 mM DTT for 90 min at room
temperature and then was incubated with the Sec2p mutants, in 50
mM TrisCl (pH 7.2), 100 mM NaCl, and 1 mM DTT. For the GTP-bound
Sec4p, GST-Sec4p, immobilized on glutathione-Sepharose beads,
was incubated with 1 mM GTP, 10 mM EDTA, 50 mM TrisCl (pH
7.2), 100 mM NaCl, and 1 mM DTT for 90 min at room temperature,
and the reaction was terminated by adding 10 mM MgCl2. The GTP-
bound GST-Sec4p was then incubated with several Sec2p mutants,
in 1 mM GTP, 10 mM MgCl2, 50 mM TrisCl (pH 7.2), 100 mM NaCl,
and 1 mM DTT. The proteins bound to the beads were released by
boiling in SDS loading buffer, analyzed by SDS-PAGE, and stained
with Coomassie brilliant blue.
Nucleotide Exchange Assays
GST-Sec4p (2 mM) was preloaded with [3H]GDP, by an incubation in 50
mM HEPES-KOH (pH 7.4), 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10
mM EDTA, 10 mM GDP, and [3H]GDP for 15 min at 30C. After the incu-
bation, 10 mM MgCl2 and 2 mM GTP were added, and the solution was
placed on ice to stop the reaction. Reactions were initiated by the
addition of 10 ml of 30 nM purified Sec2p or control buffer (50 mM
HEPES-KOH [pH 7.4], 100 mM NaCl, 5 mM MgCl2, and 1 mM DTT) to
10 ml of [3H]GDP preloaded GST-Sec4p. To reduce the intrinsically
high GDP release from GST-Sec4p, the reactions were conducted at
16C. The reactions were stopped by adding 800 ml of ice-cold 50
mM HEPES-KOH (pH 7.4), 100 mM NaCl, 5 mM MgCl2, and 1 mM
DTT. The Sec4p-retained radioactivity was monitored by filter binding,
followed by scintillation counting.
Supplemental Data
Supplemental Data include figures and legends and are available at
http://www.structure.org/cgi/content/full/15/2/245/DC1/.
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